INTRODUCTION {#S1}
============

Non-Michaelis--Menten kinetics are observed commonly *in vitro* in cytochrome P450 (CYP) catalyzed biotransformation reactions and are believed to be a consequence of homotropic or heterotropic cooperative (allosteric) interactions between substrate, effector and enzyme ([@R1]--[@R3]). Interest in investigating allosterism with CYP enzymes includes a need to recover an accurate *in vitro* intrinsic clearance for prediction of *in vivo* clearance and drug-drug-interactions (DDIs), which can alter total clearance and metabolite exposure. Studies to date have focused primarily on one CYP subfamily, CYP3A (mainly CYP3A4 and CYP3A5), the principal CYP subfamily in humans ([@R4]).

Unlike enzyme inhibition- and induction-mediated DDIs, which have been studied extensively and generally have well-established *in vitro--in vivo* correlations, CYP allosterism rarely has been investigated *in vivo*. This characteristic has hindered the understanding of clinical relevance of CYP allosterism. Previous *in vivo* studies in monkeys and CYP3A4 humanized mice provided evidence of heteroactivation of CYP3A that was consistent with *in vitro* data ([@R5], [@R6]). In contrast, a limited number of clinical studies in humans showed a lack of correlation of CYP allosteric effects (including that for CYP3A4 and CYP2C9) between *in vitro* and *in vivo* observations ([@R1], [@R7], [@R8]). Indirect evidence of CYP3A4 allosterism in humans consistent with *in vitro* observations was reported in a retrospective meta-analysis ([@R9]). However, direct clinical evidence of CYP allosterism remains absent from the literature. The lack of correlation between *in vitro* and *in vivo* CYP allosterism is due mainly to the fact that non-Michaelis-Menten kinetics can be discerned only from a large range of concentrations of effector or substrate that usually are not achieved or maintained *in vivo* ([@R10]). Other factors, such as multiple metabolic pathways and extensive protein binding, also may contribute to such discrepancies, especially when a single product formation or total drug clearance is measured ([@R1], [@R11]).

Midazolam (substrate) and fluconazole (effector) were selected in the present study to examine CYP3A4 allosterism *in vivo* and *in vitro*. Midazolam is metabolized almost exclusively by CYP3A enzymes to two primary metabolites, 1'-hydroxymidazolam (1'-OH-MDZ) and 4-hydroxymidazolam (4-OH-MDZ), which are converted subsequently to *N*- and *O*-glucuronides by UDP-glucuronosyltransferases (UGTs) ([@R12]). *In vitro*, regioselective formation of 1'-OH-MDZ and 4-OH-MDZ depends on enzyme isoform, midazolam concentration and the absence or presence of other allosteric molecules ([@R2], [@R13]--[@R17]). Fluconazole is a moderate inhibitor of CYP3A4 and a relatively less potent inhibitor of CYP3A5 both *in vitro* and *in vivo* ([@R18]). *In vitro*, fluconazole is 12 times more potent an inhibitor of 1'-OH-MDZ formation than 4-OH-MDZ formation ([@R19]). Such regioselective inhibition is incompatible with a simple competitive inhibition mechanism and suggests partial inhibition, which has been recognized as a contributor to the atypical kinetics of CYP3A enzymes. The mechanism of partial inhibition is attributed to interactions between inhibitor and substrate with multiple or overlapping binding domains of the enzymes ([@R2], [@R20]--[@R22]). Accordingly, we selected the regioselectivity of midazolam metabolism as a reporter of the allosteric effects of fluconazole with CYP3A4 and CYP3A5 and examined allosterism with both enzymes *in vivo* and *in vitro*.

RESULTS {#S2}
=======

Effect of fluconazole on 1'-OH-MDZ and 4-OH-MDZ formation in healthy volunteers {#S3}
-------------------------------------------------------------------------------

Concentrations of 1'-OH-MDZ and 4-OH-MDZ were determined in plasma obtained from healthy volunteers genotyped as *CYP3A5\*1/\*1* (n=5), *CYP3A5\*1/\*X* (n=7) or *CYP3A5\*X/\*X* (n=6) (*X* represents a *CYP3A5\*3*, \**6* or \**7* allele). Midazolam (1 mg) was administered intravenously alone or 2 hours after oral fluconazole (400 mg), when fluconazole had reached peak concentration. Our previous analysis showed that during the midazolam sampling period (5 to 720 min), average (± S.D.) fluconazole concentrations were 17.4 ± 2.3 µM (*CYP3A5\*1/\*1*), 19.5 ± 1.7 µM (*CYP3A5\*1/\*X*) or 22.0 ± 6 µM (*CYP3A5\*X/\*X*) ([@R18]). Concentration-time profiles of midazolam and primary metabolites for the three *CYP3A5* genotype groups were similar. The elimination of 1'-OH-MDZ and 4-OH-MDZ conformed to formation rate-limited metabolite kinetics ([Figure 1A--C](#F1){ref-type="fig"}). Consistent with our previous analysis ([@R18]), control AUC~MDZ~ had no significant differences among the three *CYP3A5* genotype groups, albeit a large inter-individual variability. In addition, fluconazole significantly increased AUC~MDZ~ in all three genotype groups ([Table 1](#T1){ref-type="table"}).

During the first 120 min after midazolam administration, 4-OH-MDZ concentrations were increased by fluconazole, whereas 1'-OH-MDZ concentrations decreased, an effect observed for all three genotype groups ([Figure 1D--F](#F1){ref-type="fig"}). This observation suggested a metabolic switching (altered regioselective metabolism) induced by fluconazole. Considering the entire concentration-time profile ([Table 1](#T1){ref-type="table"}), fluconazole significantly increased total AUC~4-OH~ 2.2- to 2.9-fold for all three *CYP3A5* genotype groups, while total AUC~1'-OH~ increased slightly (1.2- to 1.3-fold). The AUC~4-OH~/AUC~MDZ~ ratio was increased 35--60%, while AUC~1'-OH~/AUC~MDZ~ ratio was decreased 5--37%, by fluconazole. As a consequence, the AUC~1'-OH~/AUC~4-OH~ ratio was significantly decreased 46--58% by fluconazole for all three genotype groups, from 6.3--9.6 in the control state to 2.9--4.9 with fluconazole. No significant difference in the AUC~1'-OH~/AUC~4-OH~ ratio was observed among the genotype groups in the absence or presence fluconazole ([Figure 2](#F2){ref-type="fig"} and [Table 1](#T1){ref-type="table"}).

Effect of fluconazole on midazolam metabolism *in vitro* {#S4}
--------------------------------------------------------

1'-OH-MDZ formation exhibited substrate inhibition kinetics with recombinantly expressed CYP3A4 (rCYP3A4) ([Figure 3](#F3){ref-type="fig"}). In the presence of fluconazole, this profile was transformed into classic Michaelis-Menten kinetics, accompanied by a markedly increased K~m~ and modestly decreased V~max~. In contrast, 4-OH-MDZ formation was well-described by a Michaelis-Menten model with or without fluconazole. In the presence of fluconazole, 4-OH-MDZ had markedly increased K~m~ and unchanged V~max~. CL~int~ of 1'-OH-MDZ and 4-OH-MDZ decreased from 6.5 to 1.5 and from 0.7 to 0.3 (pmol/min/pmol CYP3A4), respectively, at 30 µM fluconazole. Accordingly, the CL~int,1'-OH~/CL~int,\ 4-OH~ ratio decreased from 9.1 in the absence of fluconazole to 5.7 (60%) in the presence 30 µM fluconazole ([Table 2](#T2){ref-type="table"}), which is similar to the peak *in vivo* concentrations observed after a single oral dose of fluconazole to humans ([@R23]).

Unlike the observed increased formation of 4-OH-MDZ by fluconazole *in vivo*, both 1'-OH-MDZ and 4-OH-MDZ formation were inhibited in the presence of fluconazole *in vitro*. The IC~50~ of fluconazole was determined at a low concentration of midazolam (0.4 µM, \<\< K~m~) was 15.3 µM for 1'-OH-MDZ, which was 50% lower than that for 4-OH-MDZ (33.8 µM), indicating that fluconazole preferentially inhibited 1'-OH-MDZ formation.

Comparison of allosteric interactions of midazolam and fluconazole with CYP3A4 and CYP3A5 {#S5}
-----------------------------------------------------------------------------------------

Previous investigators ([@R14], [@R24], [@R25]) have reported that recombinantly expressed CYP3A5 (rCYP3A5) catalyzes 1'-OH-MDZ formation more efficiently than rCYP3A4, and rCYP3A5 catalyzes 4-OH-MDZ formation slightly less efficiently than rCYP3A4. In contrast to these *in vitro* observations, both the AUC~1'-OH~/AUC~MDZ~ and AUC~1'-OH~/AUC~4-OH~ ratios in the current study were similar for CYP3A5 expressors and CYP3A5 non-expressors, regardless of the presence of fluconazole.

To investigate the effect of *CYP3A5* genotype on the formation of midazolam metabolites under conditions predicted to occur *in vivo*, a sub-saturating concentration of midazolam (0.4 µM) was co-incubated with fluconazole (concentration range: 0 to 100 µM) and rCYP3A4, rCYP3A5 or HLMs from donors with different *CYP3A5* genotypes. The ratio of 1'-OH-MDZ/4-OH-MDZ for rCYP3A5 (\~45) was significantly greater than that for rCYP3A4 (\~8) ([Figure 4A](#F4){ref-type="fig"}). The ratio of 1'-OH-MDZ/4-OH-MDZ for rCYP3A4 decreased 20--30% by fluconazole at clinically relevant concentrations (10--30 µM) but no change was observed for CYP3A5 ([Figure 4B](#F4){ref-type="fig"}), indicating that CYP3A5 is less susceptible than CYP3A4 to the allosteric effects of fluconazole. The ratio of 1'-OH-MDZ/4-OH-MDZ similarly was high for HLMs with a high CYP3A5 protein content, as observed for rCYP3A5, but the ratio was not significantly different for HLMs with low CYP3A5 content ([Figure 4C](#F4){ref-type="fig"}).

Effect of fluconazole on glucuronidation of hydroxymidazolam metabolites {#S6}
------------------------------------------------------------------------

After intravenous administration of midazolam, the metabolite-to-parent AUC ratio (AUC~m~/AUC~p~) is the ratio of formation clearance (CL~f~) to elimination clearance (CL~m~) of the metabolite ([@R26]). Since the determination of plasma midazolam metabolites in this study was limited solely to the primary metabolites, interpretation of the *in vivo* data assumed that fluconazole had no effect on CL~m~ (i.e., glucuronidation) of hydroxymidazolam metabolites. That is, the changes in ratios of AUC~4-OH~/AUC~MDZ~, AUC~1'-OH~/AUC~MDZ~ or AUC~1'-OH~/AUC~4-OH~ by fluconazole reflected altered CL~f~, but not CL~m~, by fluconazole. To determine if CL~m~ confounds any of these ratios, the effect of fluconazole on the glucuronidation of 1'-OH-MDZ and 4-OH-MDZ was examined *in vitro* using HLMs.

Glucuronide conjugates of hydroxymidazolam metabolites were identified as previously reported ([@R27]) ([Supplementary Figure S1A](#SD1){ref-type="supplementary-material"}). 1'-OH-MDZ forms 1'-OH-*O*-glucuronide-MDZ (mainly by UGT2B4 and UGT2B7) and 1'-OH-*N*-glucuronide-MDZ (mainly by UGT1A4). 4-OH-MDZ forms two peaks: peak 1 (by multiple UGTs) and peak 2 (mainly by UGT1A4) ([@R27]--[@R29]). At low concentrations of 1'-OH-MDZ or 4-OH-MDZ (1 µM), hecogenin (UGT1A4 inhibitor) and diclofenac (UGT2B7 substrate) decreased glucuronide formation significantly ([Supplementary Figure S1B and S1C](#SD1){ref-type="supplementary-material"}). In contrast, fluconazole had no effect on the glucuronidation of either hydroxymidazolam metabolite, even at 300 µM, a concentration 10-fold higher than that observed *in vivo* ([Supplementary Figure S1D](#SD1){ref-type="supplementary-material"}).

DISCUSSION {#S7}
==========

Following intravenous administration of midazolam to healthy volunteers, the major metabolic pathway (1'-hydroxylation) was inhibited, whereas the minor metabolic pathway (4-hydroxylation) was activated, by oral fluconazole, resulting in a decreased AUC~1'-OH~/AUC~4-OH~ ratio. Metabolic switching of midazolam metabolism also was observed *in vitro* as a change in the 1'-OH-MDZ/4-OH-MDZ ratio, which decreased as a function of increasing concentrations of both fluconazole and midazolam. Because the same enzymes (CYP3A4/5) catalyze the two hydroxylation reactions, *in vitro* and *in vivo* results demonstrated the homotropic allosterism of CYP3As with midazolam alone, as well as the heterotropic allosterism of CYP3As with midazolam plus fluconazole. *In vitro*, 4-OH-MDZ formation from a low concentration of midazolam was less susceptible to inhibition by fluconazole than 1'-OH-MDZ formation. *In vivo*, the AUC~1'-OH~/AUC~4-OH~ ratio was decreased significantly (46--58%) by fluconazole in a manner quantitatively similar to the decreased ratio of CL~int,1'-OH~/CL~int,4-OH~ determined *in vitro* (60%) at clinically relevant concentrations of fluconazole. However, formation of 1'-OH-MDZ and 4-OH-MDZ were both inhibited by fluconazole *in vitro*, while only 1'-OH-MDZ was inhibited *in vivo*. This *in vitro-in vivo* discrepancy may reflect fundamental differences between the two systems, e.g., different substrate concentrations and temporal factors ([@R30]). Because fluconazole had no effect on the *in vitro* glucuronidation of either 1'-OH-MDZ or 4-OH-MDZ at clinically relevant concentrations, results of this study provide strong evidence that the metabolic shift of midazolam metabolites *in vivo* most likely was due to a heterotropic allosteric interaction between CYP3A4, midazolam and fluconazole. Alternatively, selective and significant contribution by a different enzyme to 4-OH-MDZ formation, such as a peroxidase, could account for the differential effect of fluconazole on the midazolam product ratio; however, to the authors' knowledge, such a parallel metabolic process is not known to occur *in vitro* or *in vivo*.

Despite difficulties in elucidating mechanisms of CYP3A4 allosterism, prevailing opinion, based on extensive *in vitro* kinetic data and some crystallographic data, holds that the large substrate-binding pocket of CYP3A4 allows more than one ligand to bind simultaneously, leading to atypical kinetic behavior ([@R3], [@R4], [@R31], [@R32]). With midazolam, the mechanism could involve two substrate molecules or one substrate molecule and one effector molecule, such as fluconazole. 1'-OH-MDZ and 4-OH-MDZ formation by rCYP3A4 have different K~m~, K~i~ or IC~50~ values in the presence of the same inhibitors ([@R15], [@R19], [@R33], [@R34]). Moreover, the effect of fluconazole on 4-OH-MDZ formation appears competitive, whereas a mixed mechanism was observed for inhibition of 1'-OH-MDZ ([Table 2](#T2){ref-type="table"}). These observations support the hypothesis proposed by Khan et al ([@R33]) that two midazolam binding sites exist in the CYP3A4 active site. This hypothesis also is supported by the observation that the relative formation rates of 1'-OH-MDZ and 4-OH-MDZ changed as a function of the concentration of midazolam alone and of fluconazole ([Figure 3](#F3){ref-type="fig"}), and is consistent with previous *in vitro* studies with other CYP3A4/5 effectors ([@R13], [@R14], [@R16], [@R24]). Crystal structures of the CYP3A4-effector complex have shown that the binding of ketoconazole to CYP3A4 increases the volume of the CYP3A4 active site significantly and that two molecules of ketoconazole bind to the active site ([@R32]). Fluconazole, like ketoconazole, is a more potent inhibitor of 1'-OH-MDZ than of 4-OH-MDZ formation ([@R19]). Thus, it is reasonable to speculate that fluconazole and midazolam can bind to CYP3A4 simultaneously and shift midazolam metabolism through an allosteric interaction.

Non-Michaelis-Menten kinetics resulting from enzyme allosterism can be discerned only when a large range of effector or substrate concentrations are employed. However, drug concentrations in most *in vivo* studies were too low to elicit a detectable allosteric effect ([@R1], [@R10]). The concentrations of substrate and effector *in vivo* usually were below the substrate K~m~ and/or effector K~i~ ([@R5]--[@R8], [@R10], [@R11]), thus yielding largely inconclusive evidence for CYP allosterism ([@R10]). To enhance our ability to characterize CYP3A allosterism *in vivo*, both the major metabolite (1'-OH-MDZ) and minor metabolite (4-OH-MDZ) after intravenous midazolam administration were quantified in the absence and presence of an inhibitory effector, fluconazole. The rapid and near complete oral absorption of fluconazole, along with a slow elimination (t~1/2~ \~32 hrs) and low plasma protein binding (11--12%) ([@R35]), provided a stable and potent effector concentration over multiple half-lives of midazolam. This experimental design maximized the likelihood of detecting heterotropic allosterism and minimized confounding from midazolam homotropic interaction, which might best be explored in future dose-ranging studies with oral midazolam alone.

There are relatively few *in vivo* studies in which the plasma concentration of 4-OH-MDZ was quantified in addition to midazolam and 1'-OH-MDZ. To the authors' knowledge, a metabolic switch between AUC~1'-OH~ and AUC~4-OH~ in the presence of an allosteric effector has not been reported. Although midazolam product ratios have been reported ([@R36], [@R37]), the current study, for the first time, revealed a good *in vitro*-*in vivo* correlation for the 1'-OH-MDZ/4-OH-MDZ ratio in the absence and presence of an allosteric effector. Importantly, unconjugated metabolites in plasma were measured in this study to focus on the initial CYP3A-dependent reactions. Previous studies showed that, depending on the *CYP3A5* genotype, the ratio of total (unconjugated + conjugated) AUC~1'-OH~/AUC~4-OH~ varied from 12 to 19 ([@R36]) or 24 to 36 ([@R37]). When total plasma metabolites (conjugated + unconjugated) are measured through β-glucuronidase-mediated hydrolysis, as with the two studies cited above, the product ratios represent a hybrid of the rates of primary and secondary metabolite formation. 4-OH-MDZ is known to be unstable under acidic conditions, which are optimal for β-glucuronidase activity (pH 5) ([@R38]), and *N*-glucuronides usually are more resistant to hydrolysis mediated by β-glucuronidase ([@R39]). Thus, it is possible that β-glucuronidase-mediated hydrolysis could cause degradation of 4-OH-MDZ and/or incomplete hydrolysis of hydroxymidazolam *N*-glucuronides. In addition, unlike the intravenous midazolam administration used in the present study, midazolam was given orally in one of the two previous studies ([@R36]). Based on the observation that significant first-pass metabolism of midazolam occurs in the small intestine after oral dosing ([@R40]), and that the ratio of 1'-OH-MDZ/4-OH-MDZ can be changed by the concentration of midazolam through a homotropic allosteric interaction with CYP3A4, it is probable that the *in vivo* 1'-OH-MDZ/4-OH-MDZ ratio is dependent on the route of midazolam administration. Therefore, different assay measurements and midazolam administration routes may contribute to the observed differences in the AUC~1'-OH~/AUC~4-OH~ ratio between the present study and values reported by other investigators.

At clinically-relevant midazolam concentration (\<0.5 µM), rCYP3A5 catalyzed 1'-OH-MDZ formation more efficiently and yielded a much higher basal ratio of 1'-OH-MDZ/4-OH-MDZ than did rCYP3A4 ([@R16], [@R17]), which was confirmed in the current study ([Figure 4](#F4){ref-type="fig"}). However, the AUC~1'-OH~/AUC~MDZ~ ratio in CYP3A5 expressors (*\*1/\*1* and *\*1/\*X*) was similar to that in CYP3A5 nonexpressors (*\*X/\*X*) ([Figure 2](#F2){ref-type="fig"}, [Table 1](#T1){ref-type="table"}). *CYP3A5* genotype appeared have no effect on AUC~1'-OH~/AUC~4-OH~ ratio under control and fluconazole-treated conditions. Yu *et al*. reported similar results ([@R37]), whereas Eap *et al.* reported a higher basal ratio in CYP3A5 expressors ([@R36]). This *in vitro--in vivo* discrepancy is unclear. It is possible that, despite the stratification of subjects based on *CYP3A5* genotype, the contribution of CYP3A5 to total midazolam metabolism was too low (because of high CYP3A4 content) to detect the expected relationship between genotype and product ratio. A significant association between the *in vivo* K~i~ for total midazolam intrinsic clearance and *CYP3A5* genotype has reported previously ([@R18]), but the magnitude of the K~i~ differences was small (compared to *in vitro* data) and also might reflect low CYP3A5 relative to CYP3A4 content in the *CYP3A5\*1* carrier groups.

Although the *in vivo* 1'-OH-MDZ/4-OH-MDZ ratio was altered significantly by fluconazole, and is attributed to an allosteric interaction with CYP3A4, this observation probably is not of major importance regarding the clinical use of midazolam. However, metabolic switching by allosteric effectors of other CYP3A substrates may have a greater pharmacological or toxicological significance if one or more of the metabolites have biological effects. For example, biotransformation is required for the carcinogenicity of aflatoxin B1 (AFB1) ([@R41]). CYP3A4 contributes significantly to the biotransformation of AFB1 to the carcinogenic metabolite (AFBO), as well as to the primary detoxification metabolite (AFQ1) ([@R42]). Albeit speculative, the AFBO/AFQ1 product ratio could be modulated by endogenous or exogenous substances through an allosteric interaction, altering an individual's risk to developing cancer. Another example involves the anti-estrogen agent tamoxifen (TAM) used for the treatment of breast cancer. CYP3A4 plays a pivotal role in the formation of the major primary metabolite N-demethyl-TAM, which is converted subsequently by CYP2D6 into a much more potent secondary metabolite endoxifen ([@R43]). CYP3A4 also catalyzes the formation of a minor but putatively genotoxic primary metabolite, α-hydroxy-TAM ([@R44]). Again, although speculative, a metabolic shift due to allosteric interactions with CYP3A4 could contribute to inter-individual differences in both the therapeutic and toxicological response to TAM.

METHODS {#S8}
=======

Chemicals {#S9}
---------

Midazolam, 1'-OH-MDZ, 4-OH-MDZ, fluconazole, alamethicin, diclofenac, NADPH, UDPGA, and β-estradiol-17-glucuronide were purchased from Sigma-Aldrich (St. Louis, MO). Hecogenin was from Science Lab. Com. (Kingwood, TX). ^15^N~3~-midazolam was a gift from Roche Laboratories (Nutley, NJ). Internal standards (^15^N~3~-midazolam, ^15^N~3~-1'-OH-MDZ and ^15^N~3~-4-OH-MDZ) were prepared as previously described ([@R45]). rCYP3A4 and rCYP3A5 (with human P450 reductase and cytochrome *b~5~*; Supersomes™) were from BD Gentest (Woburn, MA). *N*-methyl-*N*-(*t*-butyl-dimethylsilyl)trifluoroacetamide (MTBSTFA) was from Pierce Chemical (Rockford, IL). All other chemicals were of analytical grade.

Human subject study {#S10}
-------------------

[General issues]{.ul}: A midazolam-fluconazole interaction study involving healthy volunteers was approved by the Institutional Review Board and the Clinical Research Advisory Committee at the University of North Carolina at Chapel Hill. A complete description of the study and initial pharmacokinetic analysis of plasma midazolam and fluconazole was published previously ([@R18]). Some details are repeated here for clarity. [Subjects]{.ul}: Subjects were recruited and grouped based on their *CYP3A5* genotype ([@R18]). Homozygous *CYP3A5* carriers (*CYP3A5\*1/\*1*, n=5; one subject less than the previous analysis because of a limited sample volume), heterozygous *CYP3A5* carriers (*CYP3A5\*1/\*X*, n=7) and homozygous non-carriers (*CYP3A5\*X/\*X*, n=6) were examined, where *X* represents a *CYP3A5\*3*, \**6* or \**7* allele. None of the subjects were taking prescription or over-the-counter medications known to alter CYP3A activity. Subjects were instructed to abstain from consuming grapefruit-containing products at least seven days before and during the study, as well as to abstain from caffeinated and alcoholic beverages during the study phases. [Study design]{.ul}: The study consisted of two phases scheduled on two consecutive days. All subjects underwent an overnight fast before each phase. On the morning of phase 1, midazolam (1 mg; Bedford Laboratories, Bedford, OH) was administered intravenously. Serial blood (5 mL) was collected just before and from 5 to 720 min after midazolam administration. On the morning of phase 2, a single dose (400 mg) of fluconazole was given orally 120 minutes before midazolam administration. Serial blood collection was repeated. Plasma was isolated by centrifugation (3500*g*, 15 min, 4°C) and stored at −20°C prior to analysis. [Quantification of midazolam and primary metabolite in plasma]{.ul}: Midazolam and metabolites were measured by GC/MS, as described previously ([@R18], [@R45]). Calibration standards (0.3 to 320 nM) for midazolam and metabolites were prepared using human plasma. Quality controls contained 6 and 160 nM of midazolam and metabolites. Inter-day coefficients of variation for midazolam and metabolites in quality controls were \<8.0% at 6 nM and \<3.6 % at 160 nM.

Midazolam metabolic studies {#S11}
---------------------------

A mixture containing 20 pmol/ml rCYP3A or 0.1 mg/ml human liver microsomal protein, midazolam (0.4 to 240 µM), fluconazole (0 to 100 µM) and potassium phosphate buffer (0.1 M, pH 7.4) was pre-warmed at 37°C for 5 min. Reactions were initiated with NADPH (1 mM) and then terminated after 2 min by an equal volume of ice-cold Na~2~CO~3~ (0.1 M, pH 11). 1'-OH-MDZ and 4-OH-MDZ were quantified by GC-MS as described previously ([@R18], [@R45]).

Glucuronidation of hydroxymidazolams in HLMs {#S12}
--------------------------------------------

Pooled HLMs (0.75 mg/ml) were pre-treated with alamethicin (50 µg/mg protein) in Tris-HCl (50 mM, pH7.4), on ice, for 15 min. MgCl~2~ (50 mM) and substrate (1'-OH-MDZ or 4-OH-MDZ, 1 µM) with or without inhibitors were mixed with the pre-treated HLM and pre-warmed at 37°C for 5 min. Reactions were initiated with UDPGA (50 mM) and quenched with ice-cold acetonitrile (40% of aqueous mixture, v/v) after 20 min. The mixtures were centrifuged for 5 min (10,000*g*, 4°C). The supernatants were analyzed by LC/MS/MS.

Glucuronide conjugates of hydroxymidazolam metabolites were identified as described previously([@R27]) with some modifications. Briefly, an API-4000 LC/MS/MS system (Applied Biosystems, Foster City, CA) coupled with a Shimadzu SCL-10AVP liquid chromatography system was used. Separation was accomplished with a Polar-RP column (2 mm i.d. × 250 mm, 4-µM particle size, Phenomenex, Torrance, CA). Analytes were eluted at 0.2 ml/min with a mobile phase consisting of 0.1% formic acid (A) and acetonitrile (B) using a linear gradient. Solvent B began at 25%, then increased to 40% (10 min), 50% (12 min) and 25% (15 min). The Turbo Spray interface was operated in positive ion mode at 4500 V and 500°C. Declustering potential and collision energy was 70V and 35eV. Selected ions were: *m/z* 514→342 (glucuronides of 1'-OH-MDZ and 4-OH-MDZ) and *m/z* 447→271 (β-estradiol-17-glucuronide, internal standard). Standard solutions with known amount of 1'-OH-MDZ-*O*-glucuronide (Cayman Chemical Company, Ann Arbor, MI) were used to quantify 1'-OH-MDZ-*O*-glucuronide. Analysis of 1'-OH-MDZ-*N*-glucuronide and 4-OH-MDZ--glucuronides was considered semi-quantitative due to the lack of authentic standards.

Data analysis {#S13}
-------------

### Pharmacokinetic analysis {#S14}

AUC values were determined by the log-linear trapezoidal method, with extrapolation to infinity by dividing the last measurable plasma concentration by the terminal slope (WinNonlin version 5.2, Pharsight). The percent of extrapolated AUC was 13.0 ± 9.5%, 18.4 ± 10.6% and 19.0 ± 8.3 (mean ± S.D.) for midazolam, 1'-OH-MDZ and 4-OH-MDZ, respectively.

### Determination of *in vitro* midazolam kinetic parameters {#S15}

Kinetic parameters for 1'-OH-MDZ and 4-OH-MDZ formation were estimated by non-linear regression using GraphPad Prism5 (La Jolla, CA). Kinetic models (substrate inhibition and hyperbolic kinetics) were evaluated from visual inspection, extra sum-of-squares *F* test and randomness of the residuals. IC~50~ values were obtained by fitting the one-site competitive inhibition binding model to the data using GraphPad Prism5.

### Statistical analysis {#S16}

Statistical analysis of the *in vivo* data was performed using SAS version 9.2 (SAS Institute, Cary, NC). Repeated measures two-way analysis of variance was used for comparisons across the *CYP3A5* genotype groups and fluconazole treatment, followed by the Bonferroni test for multiple comparisons. An unpaired *t*-test was used to compare the best-fit values (V~max~, K~m~) between control and fluconazole treatment. One way analysis of variance followed by Dunnett's test was used for comparisons of glucuronidation of hydroxymidazolams between control and with inhibitors using GraphPad Prism5. *p*\<0.05 was considered significant for all tests.
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![Plasma concentration-time profiles for midazolam and primary metabolites following intravenous administration of midazolam\
The mean ± S.D. data points for midazolam (circles), 1'-hydroxymidazolam (squares) and 4-hydroxymidazolam (triangles) in the absence (open symbols) or presence (solid symbols) of fluconazole for the three *CYP3A5* genotype groups (A, D: *CYP3A5\*1/\*1*; B, E: *CYP3A5\*1/\*X*; C, F: *CYP3A5\*X/\*X*) are shown. Fluconazole (400 mg) was administered orally 120 min before midazolam. Panels D, E, F depict the same data from time 0 to 120 min.](nihms523753f1){#F1}

![Effect of fluconazole on the AUC ratio of 1'-OH-MDZ/4-OH-MDZ\
Ratios for individual subjects in the absence (open circles) and presence (solid triangles) of fluconazole are shown for the three *CYP3A5* genotype groups. Horizontal lines depict group means. Asterisk (\*) indicates *p*\<0.0001 vs. control. *Ctrl*, control; *FLU*, fluconazole.](nihms523753f2){#F2}

![Effect of fluconazole on midazolam metabolic kinetics\
Representative kinetic profiles of 1'-hydroxymidazolam (A) and 4-hydroxymidazolam (B) formation by rCYP3A4 in the absence and presence of fluconazole are shown. Also shown is the altered 1'-OH-MDZ/4-OH-MDZ ratio as a function of both midazolam concentration and fluconazole concentration incubated with rCYP3A4 (C). Symbols and error bars denote means and S.E., respectively, of triplicate incubations. *FLU*, fluconazole.](nihms523753f3){#F3}

![Effect of fluconazole on the 1'-OH-MDZ/4-OH-MDZ ratio produced by rCYP3A4 and rCYP3A5\
A low concentration of midazolam (0.4 µM) was co-incubated with a range of fluconazole concentrations and rCYP3A4 or rCYP3A5 (A and B) or with different HLM preparations (C). Y-axis values are depicted as either the absolute ratio of 1'-OH-MDZ/4-OH-MDZ from the incubation (A and C) or the percentage of the control (without fluconazole) reaction (B). The grey area indicates the range of *in vivo* concentrations of fluconazole expected during the period of midazolam elimination after a single 400 mg oral dose of fluconazole (A and B). Open triangles (n=3) and solid triangles (n=3) represent microsomes isolated from CYP3A5 non-expressing and CYP3A5 expressing human livers, respectively (C). Symbols denote observed data and are means of duplicate incubations.](nihms523753f4){#F4}

###### Pharmacokinetics of midazolam, 1'-hydroxymidazolam and 4-hydroxymidazolam following a single intravenous dose (1 mg) of midazolam alone (control) or with a single dose of oral fluconazole (400 mg) according to *CYP3A5* genotype

Data represent means ± S.Ds. Values in parentheses indicate the percentage compared with control.

  *CYP3A5* genotype                                       [\*](#TFN1){ref-type="table-fn"}*1*/[\*](#TFN1){ref-type="table-fn"}*1* (n=5)   [\*](#TFN1){ref-type="table-fn"}*1*/[\*](#TFN1){ref-type="table-fn"}*X* (n=7)   [\*](#TFN1){ref-type="table-fn"}*X*/[\*](#TFN1){ref-type="table-fn"}*X* (n=6)                                                                                    
  ------------------------------------------------------- ------------------------------------------------------------------------------- ------------------------------------------------------------------------------- ------------------------------------------------------------------------------- ---------------------------------------------------------------- --------------- ----------------------------------------------------------------
  AUC~MDZ~ (nM· hr)[a](#TFN2){ref-type="table-fn"}        160 ± 35                                                                        227.0 ± 60.0[\*](#TFN1){ref-type="table-fn"} (140 % ± 39%)                      150 ± 31                                                                        261.9 ± 69.0[\*](#TFN1){ref-type="table-fn"} (173.6 ± 18.6%)     147.4 ± 39.5    308.1 ± 57.2[\*](#TFN1){ref-type="table-fn"} (214 ± 29.3%)
  AUC~1\'-OH~ (nM·hr)[b](#TFN3){ref-type="table-fn"}      13.5 ± 3.1                                                                      16.6 ± 2.4[\*](#TFN1){ref-type="table-fn"} (130% ± 23%)                         25.6 ± 4.6                                                                      30.9 ± 9.5[\*](#TFN1){ref-type="table-fn"} (118.9% ± 19.7%)      23.8 ± 8.7      30.8 ± 9.1[\*](#TFN1){ref-type="table-fn"} (133.8% ± 20.4%)
  AUC~4-OH~ (nM·hr)[c](#TFN2){ref-type="table-fn"}        2.2 ± 0.6                                                                       4.8 ± 1.4[\*](#TFN1){ref-type="table-fn"} (230% ± 67%)                          3.0 ±0.8                                                                        7.0 ± 2.2[\*](#TFN1){ref-type="table-fn"} (243.5% ± 95.7%)       3.8 ± 1.3       10.6 ± 2.4[\*](#TFN1){ref-type="table-fn"} (290.3% ± 51.2%)
  AUC~1\'-OH~/AUC~MDZ~[d](#TFN2){ref-type="table-fn"}     0.08 ± 0.02                                                                     0.07 ± 0.01 (95% ± 42%)                                                         0.18 ± 0.06                                                                     0.12 ± 0.05[\*](#TFN1){ref-type="table-fn"} (68.6% ± 10.6%)      0.16 ± 0.05     0.10 ± 0.03[\*](#TFN1){ref-type="table-fn"} (62.6% ± 5.9%)
  AUC~4-OH~/AUC~MDZ~[e](#TFN3){ref-type="table-fn"}       0.01 ± 0.004                                                                    0.02 ± 0.006[\*](#TFN1){ref-type="table-fn"} (162.4 % ± 55.4%)                  0.020 ± 0.005                                                                   0.026 ± 0.004[\*](#TFN1){ref-type="table-fn"} (140.8% ± 56.9%)   0.027 ± 0.006   0.035 ± 0.005[\*](#TFN1){ref-type="table-fn"} (135.3% ± 12.3%)
  AUC~1\'-OH~/ AUC~4-OH~[f](#TFN3){ref-type="table-fn"}   6.3 ± 1.0                                                                       3.6 ± 0.8[\*](#TFN1){ref-type="table-fn"} (58.0 % ± 10.5%)                      9.6 ± 4.5                                                                       4.9 ± 2.5[\*](#TFN1){ref-type="table-fn"} (52.7% ± 14.6%)        6.4 ± 2.0       2.9 ± 0.8[\*](#TFN1){ref-type="table-fn"} (46.4% ± 4.7%)

*p*\<0.05 compared with control within the genotype group.

^a,\ c,\ d^, interaction between treatments and genotypes. ^a^, no difference in basal AUC~MDZ~ across three genotype groups, and *\*X/\*X* is significant ly higher than the *\*1/\*1* group (*p*=0.01) with fluconazole; ^c^, no difference in basal AUC~4-OH~ across three genotype groups, *\*1/\*X*, and*\*X/\*X* are significantly higher than the *\*1/\*1* group (*p*=0.05 and *p*\<0.0001) with fluconazole and AUC~4-OH~ of *\*X/\*X* is significantly higher than *\*1/\*X* with fluconazole (*p*=0.0003); ^d^, the basal ratio of AUC~1'-OH~/AUC~MDZ~ of *\*1/\*1* is significantly lower than *\*1/\*X* (*p*\<0.0001) and *\*X/\*X* (*p*\<0.0001), and *\*1/\*1* is significantly lower than *\*1/\*X* with fluconazole (*p*=0.004) but not different from *\*X/\*X* (*p*=0.61).

^b,\ e,\ f^, no interaction between treatments and genotypes. ^b^, *\*1/\*X* and *\*X/\*X* are significantly greater than *\*1/\*1* (*p*=0.01 and 0.03); ^e^, *\*X/\*X* is significantly greater than *\*1/\*1* (*p*=0.0003) and *\*1/\*X* (*p*=0.009).

1'-OH, 1'-hydroxymidazolam; 4-OH, 4-hydroxymidazolam; AUC, area under the curve.

###### Fluconazole effects on metabolic kinetic parameters of 1'-hydroxymidazolam and 4-hydroxymidazolam formation for recombinant CYP3A4

Each value represents the mean ± S.E. of the parameter estimate.

  Fluconazole (µM)                                                                                                0                                           3                                            10                                            30                                             100
  ------------------------------------------------------------------- ------------------------------------------- ------------------------------------------- -------------------------------------------- --------------------------------------------- ---------------------------------------------- --------------------------------------------
  **1'-OH-MDZ (0.4--240 µM)**                                         k~cat~ (pmol/min/pmol CYP3A4)               23.6 ± 0.9[a](#TFN4){ref-type="table-fn"}   21.1 ± 0.4[\*](#TFN6){ref-type="table-fn"}   20.7 ± 0.4[\*](#TFN6){ref-type="table-fn"}    18.5 ± 0.5[\*](#TFN6){ref-type="table-fn"}     15.2 ± 0.6[\*](#TFN6){ref-type="table-fn"}
  K~m~ (µM)                                                           3.6 ± 0.5[a](#TFN4){ref-type="table-fn"}    3.5 ± 0.4                                   6.3 ± 0.6[\*](#TFN6){ref-type="table-fn"}    12.0 ± 1.4[\*](#TFN6){ref-type="table-fn"}    30.4 ± 4.1[\*](#TFN6){ref-type="table-fn"}     
  K~i~ (µM)                                                           1480 ± 615[a](#TFN4){ref-type="table-fn"}                                                                                                                                                                                         
  CL~int~ (µl/min/pmol CYP3A4)                                        6.55                                        6.03                                        3.29                                         1.54                                          0.50                                           
                                                                                                                                                                                                                                                                                                        
  **4-OH-MDZ (0.4--240 µM)**                                          k~cat~ (min^−1^)                            20.2 ± 1.0                                  20.8 ± 0.7                                   21.9 ± 1.0                                    23.1 ± 1.2                                     20.9 ± 2.0
  K~m~ (µM)                                                           28.1 ± 4.7                                  33.4 ± 3.6                                  49.5 ± 6.2[\*](#TFN6){ref-type="table-fn"}   85.3 ± 10.9[\*](#TFN6){ref-type="table-fn"}   139.0 ± 26.9[\*](#TFN6){ref-type="table-fn"}   
  CL~int~ (µl/min/pmol CYP3A4)                                        0.72                                        0.62                                        0.44                                         0.27                                          0.15                                           
                                                                                                                                                                                                                                                                                                        
  **CL~int,\ 1'-OH~/CL~int,\ 4-OH~**[b](#TFN5){ref-type="table-fn"}                                               9.1                                         9.7                                          7.5                                           5.7                                            3.3

substrate inhibition kinetics model was fit to the data.

CL~int~ is calculated as the ratio of mean values of k~cat~ and K~m~ (CL~int~ = k~cat~/K~m~).

*p*\<0.05 compared with control (absence of fluconazole). 1'-OH MDZ, 1'-hydroxymidazolam; 4-OH MDZ, 4-hydroxymidazolam
